Abstract The laser-induced plasma wakefield in a capillary is investigated on the basis of a simple two-dimensional analytical model. It is shown that as an intense laser pulse reshaped by the capillary wall propagates in capillary plasma, it resonantly excites a strong wakefield if a suitable laser pulse width and capillary radius are chosen for a certain plasma density. The dependence of the laser width and capillary radius on the plasma density for resonance conditions is considered. The wakefield amplitude and longitudinal scale of bubbles in capillary plasma are much larger than those in unbounded plasma, so the capillary guided plasma wakefield is more favorable to electron acceleration.
Introduction
As a promising approach for laser-driven electron accelerators, laser wakefield acceleration (LWFA) has drawn increasing research interest [1∼6] . When an intense laser pulse propagates in low density plasma, the laser ponderomotive force pushes away plasma electrons on its way, creating a chain of positively charged bubbles as well as sharp electron peaks between the bubbles. Electrons injected into the bubble will be accelerated by the strong electrostatic field to a very high energy. LWFA has stimulated studies on laser-induced wakefield. Simulations and experiments show that the channel guiding distance of a relativistic laser can be much larger than a Rayleigh length, and electron acceleration to GeV energies is possible [7∼12] . In recent years, the intense laser pulse excited wake waves in a preformed plasma channel or capillary has drawn considerable attention.
When an intense Gaussian laser pulse propagates from free space into a capillary, laser-capillary wall interaction near the entrance of the capillary can lead to self-consistent conversion of the laser pulse from the free-space mode to a capillary mode. The reshaping effect can be attributed to the focusing of the laser pulse, and most of the output light energy is concentrated in the center spot, and the wings are almost completely removed, so the laser field radial amplitude inside the capillary can be described by the Bessel function [10, 13] , i.e., the laser field vanishes at the capillary wall. The reshaped laser pulse propagates in the capillary and excites an intense plasma wakefield. When the resonance condition for wakefield excitation is met, the wakefield amplitude reaches its maximum.
In this paper, we mainly investigate the wakefield excited by the reshaped laser pulse propagating in a plasma-filled capillary in resonance conditions, based on a two-dimensional (2D) analytical model derived by WANG et al. [14] , with which the wakefield induced by laser pulse and unbounded plasma interaction are studied.
Analytical model
For a light pulse propagating in a capillary with radius r, the fields vanish at the capillary wall. In the moving frame η = z − t of the laser pulse, the laser vector potential can be described as [13] 
where a = eA/mc 2 , A is the vector potential of the laser light, c is the light velocity in vacuum, the time and space coordinates are normalized by ω 0 , and ω 0 and k 0 are the laser frequency and wave number, respectively; η = z − t and ρ = x 2 + y 2 are the axial and radial coordinates, σ = 0 and 1 denote linear and circular polarization, L are the width of the laser pulse. The field amplitude inside the capillary with the boundary conditions u = 0 at ρ = r is
where C m is a constant, J 0 (r m ρ/r) is the zero order Bessel function, r m is its mth zero, J 0 (r m ρ/r) = 0 at ρ = r, which, unlike the free space case, is independent of the propagating distance z. That is, in the capillary the laser pulse can keep propagating at a high intensity without diffraction. The laser propagates in the highly rarefied plasma inside the capillary near the speed of light, and it remains almost unchanged throughout the interaction.
The laser pulse induces a wakefield in the capillary plasma. The plasma response to laser is assumed mainly in the longitudinal direction; in a case of cylindrical symmetry, the scalar potential φ 0 and electron energy γ 0 are satisfied by [14] 
where a
,Zn i is the background plasma density and n 0 the electron density, which are normalized by the critical plasma density n c . The above equations can be solved numerically. For simplicity, we further assume that the radial distribution is given by
Assuming X = J 0 (r m ρ/r), Eq. (3) can be written as
where
Multiplying Eq. (7) by dX and integrating them from X =0 to 1, we obtain
The electron density n 0 can be written as
3 Analytical results
When a reshaped laser pulse propagates in a capillary plasma, the laser pulse induces a chain of electron bubbles, i.e., a wakefield. In a resonance case, the wakefield amplitude reaches maximum. To concretize the resonance conditions, we record the varying of the wakefield amplitude by changing the parameters including the laser pulse width, capillary radius and background plasma density. It is found that for certain Zn i , both laser pulse width and capillary radius are the key factors for wakefield resonance excitation, while in unbounded plasma only the laser pulse width is the resonance condition. Fig. 1 shows the capillary radius and laser pulse width as a function of background plasma density Zn i in the resonance regime for a 0 = 2. One can see that both capillary radius and laser pulse width decrease with the increase in Zn i , and tend to be zero when Zn i approaches 10 −1 n c . For a comparison with the unbounded plasma case, the variation of the plasma wavelength λ p /λ 0 is plotted in Fig. 1(b) (see blue solid line), where λ 0 is the laser wavelength. We see that the laser pulse width L/λ 0 is about 1/4λ p /λ 0 , while in the unbounded plasma case the laser pulse width L/λ 0 is slightly less than the half λ p /λ 0 . Fig.1 The capillary radius r/λ0 (a) and laser pulse width L/λ0 (red dashed line), plasma wavelength λp/λ0 (blue solid line) (b) as a function of background plasma density Zni for a0 = 2, when laser pulse is in resonance with plasma (color online) Fig. 2 shows the maximum scalar potentials φ max in a wakefield as a function of the laser pulse width L for a 0 = 2 (red dashed line) and a 0 = 1 (blue solid line) with Zn i = 2 × 10 −3 . As expected, the peak values of φ max appear, such as for, when laser pulse L = 6.3λ 0 , the peak scalar potential is φ max = 3.2, while for a 0 = 1, the peak scalar potential is φ max = 0.8 at L = 7.5 λ 0 .
For the purpose of comparing the plasma wake in the capillary with that in unbounded space, we choose the same laser strength a 0 and background plasma density Zn i as Ref. [14] , and calculate the distribution of the electrostatic field and electron density in the capillary plasma wake for the nearly resonance case. Fig. 3 shows the distribution of the vector potential | a | of the driving laser pulse (red dashed line) and scalar potential φ s (blue solid line) on the laser propagation axis for a 0 = 2, Zn i = 2 × 10 −13 , L = 6.3 λ 0 and r = 16 λ 0 . It Fig.2 The maximum scalar potentials φmax as a function of laser pulse width L for a0 = 2 (red dashed line) and a0 = 1 (blue solid line) with Zni = 2 × 10 −3 (color online) is noted that the laser pulse width for capillary plasma resonance is L = 6.3 λ 0 which is different from that in unbounded space plasma (where L = 8.3 λ 0 ). From Fig. 3 we can see that the maximum scalar potential is φ max = 1.5 a 0 and the width of the scalar potential peak is nearly three times the laser pulse width, while in Ref. [14] that is φ max = 0.6 a 0 and the scalar potential peak is twice the width of the laser pulse. Fig. 4 (a) and (b) are the 2D distributions of the scalar potential and electron density with the same parameters as in Fig. 3 . As shown in Fig. 4(b) , a chain of positively charged bubbles appears behind the laser pulse, and so do sharp electron peaks between bubbles. Fig. 4(a) shows a strong electrostatic field within bubbles. Compared with the plasma wave in Ref. [14] in the resonance case, the longitudinal scale of bubbles in Fig. 4(a) is twice of that in Ref. [14] while its transverse scale is one third of that, so that self-injected electrons in the rear of the bubbles can be accelerated to higher energy due to a longer acceleration distance. At the same time, the electrons are confined in a narrow transverse scope, which reduces the spread of the electron energy and improves the quality of the electron bunch. In this sense, LWFA in the capillary is more favorable for the generation of a quasimonoenergetic electron beam with ultra-high energy than that in unbounded space. It should be indicated that the present model in this paper does not involve an electron injection process. Detailed investigations on electron injection in the plasma channel formed by capillary discharge are reported in Ref. [9] . Their results show that the channel enables electron injection to occur at lower plasma densities and laser powers than that without a waveguide. Fig.4 The 2D distributions of the (a) scalar potential and (b) electron density with the same parameters as in Fig. 3 . The white dashed ovals show the location of bubbles (color online)
Conclusions
We have investigated the wakefield induced by an intense laser pulse propagating in a plasma-filled capillary on the basis of an 2D wake analytical model. As the laser pulse is reshaped by the capillary wall, most of the light energy is concentrated in the center of the pulse, and a Bessel function is used to describe the radial distribution of light intensity in the capillary. Both the laser pulse width and the capillary radius decide the resonance of the laser pulse and plasma for a certain background plasma density. In the resonance case, the laser pulse width is about 1/4 of the plasma wavelength, which is slightly less than half of the plasma wavelength in the unbounded plasma case. Compared with the unbounded plasma wake, the longitudinal scale of bubbles in capillary plasmas is larger and the electrostatic field in the bubbles is stronger, so electrons trapped in the bubbles can be accelerated to higher energy. As a result, the plasma wakefield in a capillary is more favorable to LWFA.
